Similar protein substructures can reveal a common function, suggest a distant evolutionary relationship or identify a folding motif adopted by proteins having no significant sequence or functional similarity (e.g. Orengo et al., 1994) . In this correspondence, we examine the similarities between the three-dimensional (3-D) structures of catalase and the calycin (Flower, 1993) structure superfamily and suggest a putative binding site in catalase.
We have performed an all-against-all structural comparison of a database of author-assigned protein domains (Islam et al., 1995) using the STAMP algorithm (Russell and Barton, 1992) . During this study, we found a significant similarity between the 3-D structures of calycins (including lipocalins, fatty acidbinding proteins and avidins; Flower, 1993) and the catalase domain (residues 72-318 in beef catalase). These structures have a similar eight-stranded P-barrel with sequential strands forming P-hairpins. We considered two diverse representative members of the calycin family: avidin (Livnah et al., 1993) and retinol-binding protein (RBP) (Newcomer, 1984) , a lipocalin. Both proteins show a significant degree of similarity to catalase: 55 and 62 Ca atoms from RBP and avidin respectively can be superimposed on to catalase with r.m.s. deviations of 2.1 A. Fifty-two Ca atoms from RBP can be superimposed onto avidin with a similar r.m.s. deviation. A structure-based sequence alignment of these three structures is shown in Figure  1 . 3-D structures of RBP, avidin and catalase are shown in Figure 2 in the same orientation, with equivalent residues highlighted. p*-Barrels can be classified by two numbers, a and b (a, b) where a is the number of fi-strands they contain and b is an offset value (McLachlan, 1979) . Under this classification, catalase is more similar to avidin in architecture: both have (8,10) P-barrels, whereas the RBP barrel is (8,12) (Murzin et al., 1995) . The similarity between catalase and RBP has been noted briefly (Newcomer, 1984; Holm and Sander, 1993) .
Despite the structural similarity, there is no significant sequence similarity between the catalase and any of the calycins (sequence identities between 4 and 6%), though some residues appear to show conservation of residue properties (shaded grey in Figure 1 ) across all three structures. The superimposed structures and sequence alignment show a large number of long insertions in catalase relative to the others. Five out of seven possible loops within catalase are of 16 residues or more, with three containing one to three a-helices. The catalase structure could be considered as that of avidin with five long excursions.
Members of the calycin structural family have vaguely similar functions: they bind molecules in a structurally analogous pocket. Lipocalins and fatty acid binding proteins bind small hydrophobic molecules, whereas avidins bind biotin with <D Oxford University Press a high affinity. We now show that an analogous pocket occurs in catalase. The structures of avidin complexed with biotin and of RBP complexed with retinol were superimposed onto catalase (Figure 2 ). Both biotin and retinol approximately fit into a pocket within the catalase structure. Only five catalase side chains made close contacts (atom-atom distances <2.8 A) with biotin and eight with retinol. Such contacts could likely be avoided by small movements of the side chains or (more likely) by the binding of a different substrate. In the native catalase structure, this pocket is partially covered by three loops between residues 88-104, 219-231 and 336-347 in beef catalase, shown as a dashed Ca trace in Figure 2 . A small cavity in the catalase structure coincides approximately with one ring from the superimposed biotin structure (shown to scale with biotin in Figure 3 ). This small cavity has a volume of approximately 130 A 3 , compared to 270 A 3 for the equivalent cavity in avidin (volumes calculated using the program insight). The cavity is in a different location from those described previously (Gouet et al., 1995) , and does not coincide with any other known binding sites within catalases.
It is tempting to suggest a putative binding site within this region of catalase. Positions (numbered after beef catalase) Phe84, Phel35 and Leul44 (alignment positions 16, 67 and 81 in Figure 1 ) are well conserved in catalases and are in contact with superimposed biotin and/or retinol yet do not contribute to the proposed catalytic mechanism in any obvious way. Residues Val98, Phe99, He 108, Vall33, Aspl39, Trpl42, Phe219, Leu221, Cys231, Phe233, Leu278, Val312 and Leu315 (alignment positions 30, 31, 40, 65, 76, 79, 160, 161, 172, 174, 219, 254 and 257 in Figure 1 ) are also in contact with the biotin/retinol and though they are less well conserved, they do show a conservation of residue properties across the catalase family. All of these residues are shown as inverse text in Figure 1 and in stick form in Figure 2 (c). Other conserved residues, particularly Thrl06, Thrl37 and Asn223 (alignment positions 38, 69 and 163) within catalases are also near to the pocket, though they do not make contacts with the superimposed biotin/retinol. These residues might be expected to contact a different substrate.
What function might such a binding pocket in catalase serve? Catalases are involved in the removal of dangerous peroxides during oxidative stress and are found in most aerobic organisms (Deisseroth and Dounce, 1970) . Studies have shown several compounds, particularly salicylic acid (which has a volume of approximately 96 A 3 ; Figure 3c ), to be inhibitors of certain catalases (Chen et al., 1993; Guan and Scandalios, 1995) . The pocket shown here by analogy is a good candidate for inhibitor binding, particularly since residues on the other side of the pocket (i.e. on the opposite side of the P-sheet structure) are involved in catalase enzymatic function. Binding of a molecule to this pocket could affect catalase activity, possibly via a conformational change. Further conformational changes, particularly some movement of the loops discussed above, are also necessary within the catalase structure to make the pocket more accessible. An alternative site for catalase .<a.a.a.a.a.a.a.a.a.a.a.a.a.a.a.a.a.   ccircL<a-a.o-a-a-a-a- Fig. 1 . Alscript (Barton, 1993) figure showing a multiple sequence alignment of catalase homologues, human RBP and chicken avidin. Alignment of catalase sequences was performed using AMPS (Barton and Stemberg, 1990 ) and alignment of catalase, RBP and avidin was performed using STAMP (Russell and Barton, 1992) . Secondary structures (SEC) were calculated using DSSP (Kabsch and Sander, 1983 ) and converted to three-state (a = a-helix, p" Newcomer, 1984) , (b) avidin (2AVI; Livnah et al., 1993) and (c) beef catalase (8CAT; residues 66-368; Reid et al., 1981) in similar orientations. Equivalent positions are shown as arrows or coils, while other positions are shown as the Ca trace. The experimentally determined bound conformations of (a) retinol and (b) biotin are shown in ball-and-stick form. In (c), biotin from the avidin structure is shown superimposed onto the catalase. Residues that are both conserved across catalases and which are in contact with superimposed biotin and/or retinol are shown in stick form. Residues in catalase involved in loops that partially cover the site (see text) are shown as the dashed Ca trace. Structures were taken from the Brookhaven Protein Databank (Bernstein et al., 1977) . The alignment, superimposition and assignment of structural equivalences were performed using the STAMP package (Russell and Barton, 1992 inhibitors (i.e. separate from the active site) may support the suggestion of a cooperative mechanism (Gouet et al., 1995) , i.e. the site could bind allosteric inhibitors. An alternative explanation is that catalases have evolved away from using the pocket by the incorporation of the long loops into the structure.
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It is an open question whether catalases and calycins share a common ancestor or, indeed, whether catalases are members A potential binding site in catalase Russell.R.B. and Barton.GJ. (1992 ) Proteins: Struct. Fund. Genet., 14, 309-323. Sayle.R.A. and Milner-WhiteJEJ. (1995 ) Trends Biochem. Sci., 20, 374-376. Received November 3, 1995 accepted December 21, 1995 a: Biotin b: Cavity c: Salicylic acid Fig. 3. RasMol (Sayle and Milner-White, 1995) figure showing biotin (a), the cavity in catalase (b) and (c) salicylic acid in equivalent orientations. The structures are drawn to scale, (a) and (b) are in approximately the same location within the superimposed avidin and catalase structures. Salicylic acid (c) was superimposed onto the cavity (b) such that the carboxyl group was oriented towards the opening of the pocket. The cavity (b) was formed by filling the available volume in the catalase structure with carbon atoms, forbidding any close contacts (atom-atom contacts of <2.8 A) with the catalase side chains. The cavity volume was calculated using the program Insight of the calycin superfamily. Regardless, this eight-stranded pbarrel structure appears to be a common strategy for pocket formation and/or small molecule binding within a variety of protein structures. Whether catalases make use of this common pocket must await crystallographic analysis of catalase bound to inhibitors. This study has demonstrated the power of protein structure comparison, particularly at the domain level, for revealing possible functional similarities within proteins. Further details and data are available via the World Wide Web: http://bonsai.Uf.icnet.uk/people/rob/catalase.html.
